The polypeptide growth factor, hepatocyte growth factor͞scatter factor (HGF͞SF), shares the multidomain structure and proteolytic mechanism of activation of plasminogen and other complex serine proteinases. HGF͞SF, however, has no enzymatic activity. Instead, it controls the growth, morphogenesis, or migration of epithelial, endothelial, and muscle progenitor cells through the receptor tyrosine kinase MET. Using small-angle x-ray scattering and cryoelectron microscopy, we show that conversion of pro(single-chain)-HGF͞SF into the active two-chain form is associated with a major structural transition from a compact, closed conformation to an elongated, open one. We also report the structure of a complex between two-chain HGF͞SF and the MET ectodomain (MET928) with 1:1 stoichiometry in which the N-terminal and first kringle domain of HGF͞SF contact the face of the seven-blade ␤-propeller domain of MET harboring the loops connecting the ␤-strands b-c and d-a, whereas the C-terminal serine proteinase homology domain binds the opposite ''b'' face. Finally, we describe a complex with 2:2 stoichiometry between two-chain HGF͞SF and a truncated form of the MET ectodomain (MET567), which is assembled around the dimerization interface seen in the crystal structure of the NK1 fragment of HGF͞SF and displays the features of a functional, signaling unit. The study shows how the proteolytic mechanism of activation of the complex proteinases has been adapted to cell signaling in vertebrate organisms, offers a description of monomeric and dimeric ligand-receptor complexes, and provides a foundation to the structural basis of HGF͞SF-MET signaling.
H
epatocyte growth factor͞scatter factor (HGF͞SF) (1-6) are vertebrate-specific polypeptide growth factors with a domain structure related to that of plasminogen (7) . Interest in HGF͞SF and its receptor MET (8) stems from unique biological roles in embryogenesis (9) (10) (11) , tissue regeneration (12, 13) , and cancer (14) . These activities have led to a strong interest in the structure of the molecules as this knowledge may underpin the development of MET-based therapeutics.
HGF͞SF consists of six domains: an N-terminal domain (n), four copies of the kringle domain (k1-k4), and a C-terminal domain (sp) structurally related to the catalytic domain of serine proteinases (Fig. 1A) . The factor is synthesized as a precursor protein (pro-or single-chain HGF͞SF) and is proteolytically processed to a two-chain form by cleavage of the linker connecting the k4 and sp domains ( Fig. 1 A and B) . Single-chain HGF͞SF binds MET (15, 16) but is unable to induce biological responses, for example, dispersion of MDCK cell colonies, even at concentrations 100-fold higher than two-chain HGF͞SF ( Fig.  1 
C-E).
MET is also synthesized as a single-chain precursor that is cleaved by furin yielding an N-terminal ␣-chain and a C-terminal ␤-chain. The MET ectodomain consists of two moieties: the large, N-terminal sema domain, which is responsible for ligand binding and adopts a ␤-propeller fold, and a stalk structure, which consists of four copies of Ig-like domains (ig) (15) (Fig. 1  A and B) . The sema domain and the stalk structure are joined by a small cystine-rich domain (cr) (Fig. 1 A) .
The structural basis of the conversion of single-chain to two-chain HGF͞SF and MET activation by two-chain HGF͞SF are unknown. Several nuclear magnetic resonance and crystal structures of HGF͞SF fragments corresponding to the n domain (17) , the n and k1 domains (nk1) (18) (19) (20) , and the sp domain (21) , and a crystal structure of the sema and cr domains of MET in complex with the sp domain of HGF͞SF (22) have provided important insights but failed to show the interdomain interactions and the relevant changes which underlie biological activity.
The objective of this study is to define structures, by cryoelectron microscopy (cryo-EM) and small-angle x-ray scattering (SAXS), for single-chain and two-chain HGF͞SF, the MET ectodomain, and their complexes. Unlike x-ray crystallography and nuclear magnetic resonance, cryo-EM and SAXS can pro- vide critical information on the overall architecture of large and flexible multidomain proteins. For 3D reconstruction of EM preparations, we have used cryo-electron tomography (CET), a method recently and successfully used in protein structure (23) as a result of the development of effective reconstruction and denoising procedures (24) . CET offers major advantages over ''single particle reconstruction'' in cases, such as HGF͞SF and MET, in which the proteins under study display structural heterogeneity (see Results). Using novel ab initio and rigid body modeling methods (25) , 3D structures were also, and independently, reconstructed by SAXS, a method that yields truly averaged solution structures over Ϸ10
15 molecules in the illuminated volume. The structures obtained by cryo-EM and SAXS are reported here.
Results
Single-Chain and Two-Chain HGF͞SF. The binding affinity of singlechain HGF͞SF for MET is high (K d Ϸ10 Ϫ9 M) (16, 26) . Why does single-chain HGF͞SF fail to activate MET? Under transmission EM, the structures of single-chain and two-chain HGF͞SF stained with uranyl acetate differed markedly. The majority of single-chain particles appeared as ring-shaped, closed structures in which the larger sp domain makes contact with the ␣ chain ( Fig. 2A) , and only a few particles displayed an elongated, open conformation (data not shown). In contrast, two-chain HGF͞SF, consistently appeared as an elongated molecule (Fig. 2B) .
Single-chain HGF͞SF particles reconstructed by CET ‡ ‡ (Ϸ130 ϫ 125 ϫ 85 Å) consisted of two distinct moieties, shaped as a rod and a cone and folded against each other (Fig. 2C) . The volume, shape, and dimensions of the two substructures suggested that the rod contains domains n to k3 (nk3) and that the cone contains the k4 and sp domains, as confirmed by the fact that the available crystal structure of a fragment of thrombin (27) (Fig. 2G ) corresponding to the k4-sp fragment of HGF͞SF could be readily accommodated into the electron density of the cone (Fig. 2 E) . Thus, the short 7-aa linker between k3 and k4, and not the long linker between k4 and sp, acts as a primary molecular hinge in HGF͞SF. Unlike singlechain HGF͞SF, the majority of two-chain particles reconstructed by CET had an extended structure similar to the one shown in Fig. 2 D and F and in agreement with the results of negatively stained EM preparations.
SAXS analysis established that both single-chain and twochain HGF͞SF are monomeric in solution and that the R g and D max of two-chain HGF͞SF are larger than those of single-chain (Table 1) . Fig. 2H presents the processed x-ray scattering patterns and ab initio low resolution bead models by DAMMIN (28) . These models and all ab initio models (Figs. 2H, 3F , 4A, and 5B), fitted neatly the experimental data with Ϸ1.0. The p(r) functions in Fig. 2I demonstrated that, although two-chain HGF͞SF is more elongated, the two functions are nearly identical up to distances of Ϸ6 nm, suggesting that the difference between the two proteins is because of the movement of one end of the molecule. Rigid body modeling (29) yielded the solutions in Fig. 2 J, which converge to a common structure for the nk3 segment and differ by a translation of the sp and, to a lesser extent, the k4 domain. Consequently, the receptor binding sites of the k1 (30) and sp (21, 22) domains, shown as blue and red patches in Fig. 2 (22) or 3D models (15) of the MET sema, cr, and ig1 domains could be docked accurately into the EM density maps (Fig. 3E ). SAXS analysis confirmed that the MET ectodomain is monomeric in solution (Table 1 and SAXS experiments revealed a different behavior for the binary complexes formed with equimolar ratios of single-chain or two-chain HGF͞SF and MET928 (Table 1) . Single-chain HGF͞SF yielded a mixture of free ligand, receptor, and complex and was not investigated further. In contrast, two-chain HGF͞SF and MET928 yielded a monodisperse complex with 1:1 stoichiometry (Table 1 and Fig. 4 A and B) . Comparison of the ab initio models demonstrated that the conformations of free and complexed MET928 are similar. Rigid body modeling was next performed to (i) simultaneously fit the two experimental curves from free and complexed MET928 by the scattering curves calculated for the appropriate domain subsets and (ii) enable contacts between the k1 (30) and sp domains (22) of HGF͞SF and MET to be made. The solution obtained by using the above restraints (Fig. 4B) is compatible with the ab initio shape and shows that (i) all of the contacts between two-chain HGF͞SF and MET involve the ␤-propeller domain, (ii) the n and k1 domains bind the face of the ␤-propeller harboring the loops connecting ␤-strands d-a and b-c § § , and (iii) domains k2-k3 cross the side face of the ␤-propeller leaving k4 on top of the sp domain.
The 1:1 binary complex formed by two-chain HGF͞SF and MET928 was also reconstructed from cryo-EM images (Fig. 4 C-E and F-H; the latter after low pass filtering at 20 Å). The extra density because of the binding of two-chain HGF͞SF to MET928 was readily attributable and consists of a large volume packing against the side face of the ␤-propeller (Fig. 4F) , a second one on the ''b'' face in the area in which the sp binds MET in the crystal structure (22) (Fig. 4G) , and a third one on the ''a'' face (Fig. 4H) . These results can be interpreted with the n and k1 domains of HGF͞SF binding the ''a'' face, the k2-k4 domains being arranged in line along the side surface, and the sp domain binding the ''b'' face. To bind MET in this manner, the polypeptide chain of two-chain HGF͞SF makes two sharp turns: a first one between the k1 and k2 domains and a second between k4 and sp. The 3D EM reconstruction of the complex between twochain HGF͞SF and MET928 was analyzed further by docking the SAXS rigid body model into the EM density envelope. The results (Fig. 4 I-K) produced a remarkable fit, at the level of resolution available, and confirmed the mode of binding described in Fig. 4B . § § In work with other ␤-propellers, this surface has often been designated as the ''top face, '' but, because of the vertical arrangement of the MET ␤-propeller, we call this face ''a'' and the opposite one ''b'' to avoid ambiguity (Fig. 3G) . Rg, MM, Dmax, and Vp are calculated from the scattering data. MMmon is computed from the primary structure of monomeric constructs accounting for bound sugars. is discrepancy between the experimental data and computed curves from the rigid body models or from the crystallographic model, in the case of MET567 (22) . The values for the different models of the dimeric complex of two-chain HGF͞SF and MET567H are explained in the text. The Elusive MET Dimer. Although earlier studies by analytical ultracentrifugation (15) and the present SAXS and EM studies (Fig. 4) failed to detect dimeric complexes between HGF͞SF and MET928, studies with a shorter MET fragment (MET567) offered the first clues to MET dimerization and are described below.
MET567, a construct which contains the sema and cr domains of MET (Fig. 1 A) was monomeric in solution (Table 1) , and the scattering curve calculated from the available atomic coordinates (22) agreed with the experimental data (data not shown). Single-chain HGF͞SF and MET567 formed a stable complex with 1:1 stoichiometry (Fig. 5A and Table 1 ). The ab initio program MONSA (28) was used to simultaneously fit three data sets (from single-chain HGF͞SF, MET567, and their complex) by a multiphase bead model, and the results indicated that only one end of single-chain HGF͞SF binds MET567 (Fig. 5B , single-chain HGF͞SF in gray and MET567 in orange). In contrast, the scattering pattern (Fig. 5A ) and structural parameters (Table 1 ) from equimolar mixtures of two-chain HGF͞SF and MET567 demonstrated a complex with 2:2 stoichiometry (Fig. 5 A and B) .
Because receptor dimerization can occur as a result of either ligand (31, 32) or receptor contacts (33, 34), we studied the ability of two-chain HGF͞SF or MET to dimerize in the presence of cross-linking reagents. Dimer formation was readily seen in the presence of cross-linker and, in the case of two-chain HGF͞SF, higher order oligomers were also present (Fig. 6 , which is published as supporting information on the PNAS web site). The cross-linking experiments, therefore, could not identify or exclude, unequivocally, two-chain HGF͞SF or MET as the dimerizing species.
We extracted the region corresponding to two-chain HGF͞SF and MET567 from the model of the 1:1 complex shown in Fig.  4B and generated several models of the dimeric complex assuming a 2-fold axis around the MET or sp (22) or nk1 (18) (19) (20) domains. The dimer constructed through the MET interface produced a good fit to the experimental data ( ϭ 1.36) but with some systematic deviations (data not shown). Two possible models based on the sp interface yielded poor fits to the data ( ϭ 3.4 and 3.3). Refinement of one of them improved the fit significantly ( ϭ 1.14) but required an arrangement of the HGF͞SF domains different from that of the initial 1:1 complex (Fig. 5C) . Strikingly, a model based on the dimerization interface seen in the crystal structure of nk1 (18-20) neatly fitted the (28), MET567 is shown in yellow, and single-chain HGF͞SF is shown in gray. The ab initio model of the complex of two-chain HGF͞SF with MET567 was generated with DAMMIN (28) . (C-E) Rigid body models of the 2:2 complex between two-chain HGF͞SF and MET567 in which the dimerization interface is provided by the sp domain (C) or the n and k1 domains (D and E). In C and D, MET is shown in blue, the sp domain in red, and other HGF͞SF domains in gray. In E, MET is shown in blue and the two different molecules of two-chain HGF͞SF are shown in red and gray, respectively. C-E were generated with SPOCK. (F) Expression and biological activity of wild-type and mutant HGF͞SF proteins. Wild-type HGF͞SF and four mutants (mutA, E159A:S161A:E195A: R197A:Y198A; mutB, F82A:T83A:K85A; mutC, D123A:N127A; and mutD, V140A:I142A) were expressed transiently in Neuro2A cells. Protein levels were monitored by slot blot (Inset) and quantitated by a sandwich antibody assay. Biological activity was measured on MDCK cells (1, 4) , and results were expressed as specific activity. Values are mean and standard deviation from triplicate transfections, and each mutant has been tested in at least three separate experiments. sc-SF, single-chain HGF͞SF; tc-SF, two-chain HGF͞SF.
experimental data without refinement ( ϭ 1.04) and yielded two receptor molecules arranged in parallel as expected for the physiological MET dimer (Fig. 5 D and E) .
To gain further insights into the putative nk1 mode of dimerization, a k1 mutant (mutA: E159A:S161A:E195A:R197A: Y198A) deficient in MET binding (30) and three mutants, corresponding to clusters of amino acids in the n domain (mutB: F82A:T83A:K85A), the n-k1 linker (D123A:N127A), and the k1 domain (V140A:I142A), involved in dimer formation (18) (19) (20) were produced (see Fig. 7 , which is published as supporting information on the PNAS web site). Wild-type HGF͞SF and the four mutants were expressed in COS7 and Neuro2a cells by transient transfection and compared for protein levels (Fig. 5F  Inset) and biological activity in MDCK colony scatter assays (4) . As expected, the activity of the binding-deficient mutA protein was barely detectable (Fig. 5F) . Interestingly, although, the activity of the three mutants at the nk1 dimerization interface was also considerably reduced (8.6%, 6.7%, and 16.2% of wild-type HGF͞SF for mutB, mutC, and mutD, respectively) (Fig. 5F ). These results strongly suggest that a dimerization interface similar to the one seen in the crystal structures of nk1 (18) (19) (20) may be responsible for HGF͞SF-mediated dimerization of MET on the cell surface.
Discussion
There are important structural similarities, as well as differences, between the proenzyme plasminogen and single-chain HGF͞SF. Both proteins appear to be in equilibrium between a prevailing compact (closed) conformation and an elongated (open) one. Under negatively stained EM, the compact form of plasminogen appears to have a spiral structure (35) stabilized by contacts between the n domain and k5 (36) . The closed conformation of single-chain HGF͞SF is not spiral but is produced by the k4-sp domains folding back onto the N-terminal part of the molecule; the intramolecular contacts that stabilize the closed conformation of HGF͞SF are also different from plasminogen, involving the sp domain and probably k2 (Fig. 2 C and E) . The open form plasminogen is a better substrate for activation (37) , and, given that plasminogen activators can activate single-chain HGF͞SF, preferential cleavage of the open form may also occur with single-chain HGF͞SF. As for receptor binding, the closed form of single-chain HGF͞SF is clearly unable to bind MET with both the nk1 and sp domains because of steric hindrance (Fig. 2 C and  J) . It is also conceivable that only the open form of single-chain HGF͞SF binds MET and that, in the presence of the receptor, the equilibrium shifts toward the open form, an interpretation in agreement with the shape of the 1:1 complex formed by singlechain HGF͞SF and MET567 (Fig. 5B) . In essence, the structural theme underlying the regulation of plasminogen and other complex serine proteinases is conserved in HGF͞SF, although critical differences have emerged from this study concerning the architecture of the two proteins and the interdomain interactions responsible for the inactive state.
The readiness by which two-chain HGF͞SF forms a 2:2 complex with MET567 was unexpected. An obvious function of the MET stalk is in transducing the HGF͞SF signal, but the present study suggests that the stalk may also hold the ␤-propeller domain in a conformation that enables a 1:1 ligandreceptor complex but restrains dimerization. Dimerization of the 1:1 complex may occur transiently in membrane microdomains in which receptor particles are clustered at high density (38) . It may also be facilitated by heparan sulfate proteoglycans (15) , the juxtamembrane domain of MET, or coreceptor proteins, although the work with MET567 establish that none of these factors is an absolute prerequisite for dimerization (Table 1 and Fig. 5A ).
The SAXS experiments with MET567 suggested that the n and k1 domains may provide the dimer interface, as seen in the crystal structure of the nk1 (18) (19) (20) and initial mutagenesis experiments (Fig. 5F ) support this interpretation. The nk4 fragment (39) or single-chain HGF͞SF may thus fail to yield a 2:2 complex with MET because in nk4 the sp domain is missing and in single-chain HGF͞SF the domain is locked in a conformation that only enables low affinity binding (21) ; lack of binding through the sp domain may destabilize dimerization via the n and k1 domains. As for the proposed role for the sp domain in MET dimerization (22) , the results of our study suggest an alternative one, namely in the formation of higher-order signaling complexes. There is biochemical evidence for high-molecular weight HGF͞SF-MET complexes on the cell surface (38) , and the sp domain may be involved in the assembly of such oligomers through the domain surface opposite to the one involved in MET binding.
In conclusion, we have obtained low-resolution structures of single-chain and two-chain HGF͞SF, the MET ectodomain, and their complexes. The models obtained independently by SAXS and cryo-EM are consistent, define the main conformation of the inactive state of single-chain HGF͞SF, clarify the mode of binding of two-chain HGF͞SF to MET, and suggest that MET dimerization may occur through a ligand interface involving the n and k1 domain, a conclusion supported by initial mutagenesis experiments. The study offers a glimpse of the structural basis of HGF͞SF and MET signaling and provides a foundation to the efforts aimed at producing MET antagonists for cancer therapy.
Materials and Methods
Negative-Staining Electron Microscopy. Carbon-coated grids were glow discharged, and the protein solution applied, rinsed with 0.1 M KCl and 2% uranyl acetate, blotted, air dried, and examined in a Philips EM208 microscope (Eindhoven, The Netherlands). Protein samples were in 50 mM Mes͞150 mM NaCl, pH 6.7. Only particles in which all protein domains appeared discernible were used for analysis (24 particles of single-chain HGF͞SF, 61 particles of two-chain HGF͞SF, and 48 particles of MET928; examples of which are given in Results).
Cryo-EM. Protein samples (1.6 to 6.9 mg/ml in either 50 mM Mes͞150 mM NaCl, pH 6.7 or 50 mM Tris⅐Cl͞150 mM NaCl, pH 7.2) were mixed with a suspension of 10 nm gold particles at a ratio 2:1, vol͞vol. Details of subsequent specimen handling and data acquisition have been described (23) . The CET method covers a resolution range of 20-100 Å, and the proteins studied here are flexible, hence resolution cannot be determined by a measure of the similarity between two calculated averages. To assess the quality of the CET reconstructions, we have used the atomic structures of individual domains, i.e., the sp domain of HGF͞SF and the sema domain of MET (22) . The crystal structures fit well into the tomograms and the correlation coefficient at 20-Å resolution ranged from 0.68-0.79, higher than the 0.5 threshold criteria generally used to estimate resolution. The following number of particles were reconstructed, refined, and studied individually for size, geometry, and domain docking: single-chain HGF͞SF (193 particles, of which 61 were refined), two-chain HGF͞SF (162 particles, of which 55 were refined), MET928 (192 particles, of which 108 were refined), and two-chain HGF͞SF-MET928 complex (86 particles, of which 34 were refined).
Small-Angle X-Ray Scattering. Synchrotron SAXS data were collected on the EMBL X33 camera with a linear gas detector (40, 41) on the storage ring DORIS III [Deutsches ElektronenSynchrotron (DESY), Hamburg, Germany). All samples were measured at several solute concentrations ranging from 1.2 to 9.1 mg/ml in 50 mM Mes͞150 mM NaCl, pH 6.7 in the range of momentum transfer 0.15 Ͻ s Ͻ 3.5 nm Ϫ1 and, in several experiments, 5 mM DTT was added to the buffer. The data were processed by the program PRIMUS (42) by using standard procedures (25) to compute the radius of gyration R g , excluded (Porod) volume V p , and maximum dimension D max . The distance distribution function p(r) was computed by using the program GNOM (43) . The molecular masses (MM) of the solutes were evaluated by scaling against reference solutions of BSA and further verified by comparison with the excluded particle volume (for globular proteins, V p in nm 3 is about twice the MM in kDa). Particle shapes at low resolution were reconstructed ab initio by the bead-modeling programs DAMMIN and MONSA (28) . The scattering amplitudes of the individual subunits were calculated from their atomic coordinates with carbohydrate side chains added to the appropriate asparagines, by using the program CRYSOL (44) . Rigid body modeling was performed by the simulated annealing programs BUNCH and SASREF (29) to find optimal spatial configurations of the domains͞subunits fitting the scattering data from the complex. In BUNCH, flexible interdomain linkers were represented as chains of dummy residues. For all ab initio and rigid body analysis based on SAXS data, multiple runs were performed to verify the stability of the solution.
Other Methods. Recombinant, single-chain, and two-chain HGF͞SF were produced in mouse NIH 3T3 fibroblasts and NS0 myeloma cells after stable transfection. For experiments with cells in cultures (Fig. 1) , an uncleavable form of single-chain HGF͞SF (R494E) was used. Recombinant MET928 and MET567 were expressed and purified as described (15) . For cross-linking experiments, aliquots of protein solutions (0.1 mg/ml in 50 mM Na phosphate͞150 mM NaCl, pH 7.2) were incubated in the presence of different ratios of bis(sulfosuccinimidyl)suberate (BS 3 ) (Pierce) for 30 min at room temperature before quenching with 1 l of 1M Tris⅐Cl, pH 7.4 and loading onto a 10% SDS͞PAGE gel run under nonreducing conditions. For mutagenesis of HGF͞SF, a PCR-based method was used, and mutations were confirmed by DNA sequencing. Wild-type and mutant HGF͞SF proteins were expressed transiently in COS7 and Neuro2A cells by using Lipofectamine 2000 (Invitrogen), and their concentration in the supernatant was measured by using a sandwich enzyme-linked antibody assay (cat DY294, R & D Systems). MDCK colony scatter assays were carried out as described (1, 4) .
